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Abstract Monkeys demonstrate improved contrast sen-
sitivity at the goal of a planned memory-guided saccade
(Science 299:81–86, 2003). Such perceptual improve-
ments have been ascribed to an endogenous attentional
advantage induced by the saccade plan. Speeded reac-
tion times have also been used as evidence for attention.
We therefore asked whether the attentional advantage at
the goal of a planned memory-guided saccade led to
speeded manual reaction times following probes pre-
sented at the saccade goal in a simple detection task. We
found that monkeys showed slower manual reaction
times when the probe appeared at the memorized goal of
the planned saccade when compared to manual reaction
times following a probe that appeared opposite the
saccade goal. Flashing a distractor at the saccade goal
after target presentation appeared to slow reaction times
further. Our data, combined with prior results, suggest
that a spatially localized inhibition operates on the
neural representation of the saccade goal. This inhibi-
tion may be closely related or identical to the processes
underlying inhibition-of-return. We also found that if
the same detection task was interleaved with a difficult
perceptual discrimination task, manual reaction times
became faster when the probe was at the saccade goal.

We interpret these results as being an effect of task dif-
ficulty; the more difficult interleaved task may have en-
gaged endogenous attentional resources more effectively,
allowing it to override the inhibition at the saccade goal.
We construct and discuss a simple working hypothesis
for the relationship between the effects of prior attention
on neural activity in salience maps and on performance
in detection and discrimination tasks.
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Introduction

Attention, measured as an improvement of perceptual
discrimination performance, shifts to the goal of a sac-
cade just before the saccade is executed (Hoffman and
Subramaniam 1995; Kowler et al. 1995; Deubel and
Schneider 1996; Deubel and Schneider 2003). Recently,
Bisley and Goldberg (2003) extended this observation to
the delay period of a memory-guided saccade. They
demonstrated that monkeys showed improved contrast-
sensitivity at the saccade goal while they were waiting to
make a planned memory-guided saccade. They ascribed
this improvement in contrast-sensitivity to an atten-
tional advantage induced by the saccade plan. Their
data provided, for the first time, direct evidence for a
linkage between sustained covert attention and sustained
oculomotor preparation. Such evidence is crucial for
theories that posit that covert visuospatial attention is
identical to oculomotor preparation and that the pres-
ence of one implies the other (Klein and Pontefract 1994;
Rizzolatti et al. 1994). According to these theories,
covertly attending to a location should result in facili-
tated saccades toward that location and similarly, pre-
paring a saccade toward a location should be
accompanied by covert attentional allocation to the
saccade goal (Klein and Pontefract 1994).

Similar results have recently been obtained in hu-
man subjects: performance accuracy on a delayed
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identification task was shown to be higher at locations
that had been marked as potential saccade goals (Van
der Stigchel and Theeuwes 2005). However, behavioral
results from manual reaction time tasks have yielded
seemingly contradictory results, despite the fact that
speeded manual reaction times following a probe are
also often used as evidence for prior attentional allo-
cation to the location of the probe. At least two studies
in humans have failed to show an attentional advantage
at the goal of an intended saccade using manual reac-
tion time as the behavioral measure (Klein and Ponte-
fract 1994; Ostendorf et al. 2004), despite the evidence
for attentional allocation to the saccade goal obtained
using accuracy measures from discrimination tasks.
However, the apparent contradiction rests on a com-
parison of results derived from studies using very dif-
ferent tasks. We therefore set out to explore this issue
more thoroughly by measuring manual reaction times to
a probe presented at the goal of a planned saccade in a
task similar to the one in which attentional allocation
had previously been demonstrated at the saccade goal
(Bisley and Goldberg 2003).

It is well known that the sudden onset of a flashed
stimulus draws attention toward the stimulus location
resulting in enhanced perceptual sensitivity (Pestilli and
Carrasco 2005) and faster reaction times (Posner et al.
1985). It has also been shown that such a flash can
transiently draw attention away from the goal of a
memory guided saccade, as measured by enhanced per-
ceptual sensitivity at the distractor location (Bisley and
Goldberg 2003). Because reaction times and accuracy
measures could potentially index different stages of
sensorimotor processing, our second aim was to see if
the transient shift of attention induced by a flashed
distractor led to faster reaction times to probes pre-
sented at the distractor location in a similar manual
reaction time task.

Some of these results were previously presented in
abstract form (Sirotin et al. 2004).

Methods

Subjects

All experimental protocols were approved by the Ani-
mal Care and Use Committees at Columbia University
and the New York State Psychiatric Institute as com-
plying with the guidelines established in the Public
Health Service Guide for the Care and Use of Labora-
tory Animals. Two male rhesus monkeys (Macaca mul-
atta) weighing approximately 9 kg each had scleral
search coils to monitor eye position (Judge et al. 1980)
and head restraining devices implanted during sterile
surgery under ketamine and isofluorane anesthesia.
Monkey I also had a recording chamber implanted on
the skull over the left parietal cortex and had previously
learned a go/no-go memory-guided saccade task
(described below, also see Bisley and Goldberg 2003).

Behavioral tasks

Behavioral control and data collection (eye-position
traces, stimulus events, and bar-release times) were
performed on a Dell Optiplex computer using the REX
system (Hays et al. 1982) running on the QNX operating
system. Visual stimuli were back-projected on a tangent
screen by a Hitachi CP-X275 LCD projector under the
control of a Dell Dimension PC running the GLVEX
graphics system. The background luminance was 50 cd/
m2 (measured with a Minolta LS-110 Luminance Meter)
and the projector refresh rate was 60 Hz. Stimulus
timing was calculated by measuring a pulse from a
photocell affixed to the back of the screen and illumi-
nated by a small square on the corner of the same video
frame as the appearance of any new stimulus. The
monkey could not see the photocell or its illumination
square. Monkeys were trained to sit in a primate chair
with their head fixed and perform the two tasks used in
this experiment. These tasks are described below.

Task 1: manual reaction time alone

The manual reaction time task consisted of two condi-
tions that were randomly interleaved. In the first
‘‘without-distractor’’ condition, monkeys began the task
by grabbing hold of a metal bar that triggered the pre-
sentation of a central white fixation point (Fig. 1a). The
monkeys had to maintain fixation throughout the trial,
until they were asked to initiate the memory-guided
saccade. After a delay of up to 1,700 ms, a white spot
(the ‘‘target’’; Fig. 1b) was flashed for 50 ms at one of
four randomly chosen locations at 12� eccentricity with
one location in each quadrant; the four locations were
changed at the beginning of each session. The monkeys
had to remember this target location (the ‘‘saccade
goal’’) because they were required to make a saccade to
this location at the end of the trial. After a second delay
of 1,000, 1,300, 1,600, or 1,800 ms (chosen randomly for
each trial) following the target flash, a static Gabor
patch (the ‘‘probe’’ Fig. 1d) was flashed with equal
probability either at or opposite the saccade goal on
67% of trials. The monkey then had 600 ms to remove
its hand from the bar. If the monkey did this, then the
fixation point was extinguished 800 ms after the probe
appearance (Fig. 1e) signaling that the monkey should
make the planned saccade. If the monkey made the
appropriate saccade within 300 ms, it was rewarded with
a drop of water. On the remaining 33% of trials, instead
of presenting a probe, the fixation point was turned off.
The monkey had to make the memory-guided saccade
within 300 ms while continuing to hold the bar to receive
the reward. These trials served as catch trials that suc-
cessfully discouraged the monkey from guessing and
releasing the bar prematurely before the probe appeared
(see Results).

The second, ‘‘with-distractor’’ condition was iden-
tical to the without-distractor condition, except that a
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task-irrelevant distractor was flashed 600 ms after the
saccade target (Fig. 1c), i.e. between the presentations of
the target and probe. The distractor appeared with equal
probability either at or opposite the saccade goal. The
distractor was not informative about any aspect of the
task. In addition, in the ‘‘with-distractor’’ condition,
20% of trials were catch trials. Finally, in the ‘‘with-
distractor’’ condition, the delay between target flash and
probe appearance was chosen randomly on each trial
from a discrete set of nine different times from 700 to
1,800 ms. With-distractor and without-distractor con-
ditions were randomly interleaved; the with-distractor
condition was used for 62.5% of trials.

In all conditions, the target and distractor were small
spots of 0.35� diameter and 47% contrast. The probe
was always a static Gabor patch with a contrast of 87%,
spatial frequency of 1.8 cycles/deg, Gaussian standard
deviation of 1.5� and a visible radius of about 2�. During
the task the monkey’s point of gaze had to remain within
5.5� of the fixation point until fixation point disap-
pearance, after which the monkey had 300 ms to move
its gaze to within 5.5� of the saccade goal. If the animals
successfully reached the window around the saccade
goal, the saccade target was re-illuminated 350 ms

following the disappearance of the fixation point. Post-
hoc analysis showed that monkey W rarely went more
than 3.2� away from the fixation point and monkey I
rarely went more than 1.8� away from the fixation point.
If the monkey’s eye left the fixation window prior to the
appearance of the probe, the trial was aborted and re-
peated. If the monkey did not release the bar within
600 ms of the probe presentation, the trial terminated
without reward, the screen flashed briefly, and the
appearance of the next trial was delayed (a ‘‘time-out’’).
The monkey was also given a screen-flash and a time-out
if he did not make the appropriate memory-guided
saccade or released the bar prematurely.

Task 2: interleaved discrimination/reaction time

Monkey I had previously learned a task in which the
probe, instead of being a signal to release its hand from
the bar, was a go/nogo signal that determined whether
or not the monkey had to make the planned saccade
(Bisley and Goldberg 2003). The interleaved task, used
only in monkey I, consisted of two kinds of tasks pre-
sented in an interleaved manner. In half of the trials, the

A: Grasp bar and fixate

B: Saccade target appears

C: Distractor appears

D: Probe appears

E: Make saccade

Alternative location for probe

Alternative location 
for distractor

Fig. 1 Schematic diagram of the main task. The monkey initiated
the task by grasping a bar and fixating a central spot (a). A target
spot flashed for 50 ms at one of four locations indicating the goal
of the future saccade (b). On some trials, after 600 ms, a distractor
flashed at or opposite the saccade goal (c). Almost 700–1,800 ms
after the target flash, a Gabor probe was flashed on 75% of trials at
or opposite the saccade goal for 575 ms (d). The monkey had to

release the bar within 600 ms of probe appearance. About 800 ms
after the probe appeared, the fixation point went off, and within
300 ms, the monkey’s eye had to reach and remain within a region
around the saccade goal (boundaries indicated by black box on
figure; black box not visible on screen during the experiment) (e).
For more details, see Methods
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monkey performed a modified version of Task 1 in
which there were no catch trials and a distractor ap-
peared on 80% of trials. Of those 80% of trials the
distractor appeared at the saccade goal 90% of the time.
Also in this version of the task, the saccade target could
lie anywhere along a circle at 12� eccentricity, rather
than be chosen from four discrete locations as in Task 1
and the probe appeared either 400 or 600 ms after the
distractor or, if there was no distractor, 1,200 ms after
the saccade target. On the remaining half of the trials,
the monkey performed the go/nogo discrimination task.
The initial part of the task was similar to the one de-
scribed above: the monkey initiated a trial by placing its
hand on the bar, after which a fixation point appeared
that the monkey had to fixate. After an interval of fix-
ation the target appeared for 50 ms at a random location
along a circle with a radius of 12�. In 80% of the trials,
the distractor was flashed for 50 ms either at the saccade
goal (90% of the time) or in the opposite quadrant at the
same eccentricity. However, instead of the bar-release
probe appearing, a go-nogo probe appeared for one or
two video frames (17 or 35 ms), 1,000 or 1,200 ms after
the target had appeared. The go-nogo probe consisted of
a Landolt ring (1.5� diameter, 0.15� thick, 2–12.5%
contrast, with a 0.5� gap on either side) and could ap-
pear at or opposite the saccade goal with equal proba-
bility. The Landolt ring was accompanied by three
complete rings of the same size and brightness that

appeared at the corresponding locations in the other
three quadrants. The monkey’s task was to indicate the
side of the probe that the gap was on by either making
the planned saccade (a ‘‘go’’ trial; the correct response
for a probe with the gap on the left) or maintaining
fixation once the fixation spot was extinguished
(a ‘‘nogo’’ trial; the correct response for a probe with the
gap on the right). The monkey received a drop of water
as reward for correctly making or withholding the sac-
cade depending upon the orientation of the probe.

Data analysis

All data analysis was performed using MATLAB (The
Mathworks Inc., Natick, MA). Manual reaction times
across all sessions for each condition from a given
monkey were pooled together before comparison; we
verified that performing comparisons on a session-
by-session basis and then averaging the comparisons did
not change the results presented here. Manual reaction
times less than 200 ms were discarded as being pre-
emptive. They represented about 0.6% of correct trials
in monkey W and about 0.9% of correct trials in mon-
key I, and their omission does not make any material
difference to the results presented here. In general, we
have adopted the method of comparing manual reaction
times following probes presented at different delays after
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Fig. 2 Effect of the saccade goal on manual reaction times in trials
where no distractor was presented. Ordinate mean manual reaction
times, Abscissa time after flash of saccade target, Filled circles
probe at saccade goal, Open circles probe opposite the saccade
goal. Data from monkey W in the left column, and from monkey I
in the right column. Asterisks indicate that filled and open circles at
that time were significantly different from each other (t test on
transformed data, P<0.05, Bonferroni correction applied, see

Methods). The characters S, T, and I represent the two factors (S
for stimulus condition, and T for time after saccade target flash)
and their interaction (I) in the ANOVA; capital letters indicate that
the term was significant at the P<0.01 level (F test for significance).
All error bars show standard error of the mean. Cartoons at the top
of the figure summarize the stimulus conditions corresponding to
open and filled circles
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the target during two different stimulus conditions (e.g.,
probe at saccade goal vs. probe opposite saccade goal).
To perform the comparison, we used a two-factor
analysis-of-variance (ANOVA) with the stimulus con-
dition (S) and time between target flash and probe pre-
sentation (T) as the explanatory factors. Since the
variance of the manual reaction times was found to in-
crease linearly with the mean, we first transformed the
manual reaction times by taking the reciprocal before
performing the ANOVA; this transformation made the
variances more similar across conditions. All results
significant at the 0.01 level (F tests; type III sums of
squares) are presented in Results; when a term is not
mentioned, it is because it was not found to be signifi-
cant. In addition, at each given delay, we also performed
a pairwise comparison using a two-sample t test to
identify the delays that contributed to the stimulus-
condition effects in the ANOVA. All pairwise compari-
sons were made at the 0.05 level using Bonferroni-cor-
rected significance levels; we used the number of delays
at which the comparisons were being made to make the
correction. For example, in Fig. 2 the correction was
made for nine simultaneous comparisons. In the manual
reaction time task, there were six equiprobable stimulus
conditions where a bar-release was required depending
on location of saccade goal and presence/location of
distractor. On average, there were 1,396 trials per stim-
ulus condition for monkey W and 3,345 trials per
stimulus condition for monkey I. Ns for the interleaved
task are given in the legend to Fig. 5.

Results

Manual reaction times at the goal of a memory guided
saccade

In order to examine the effect of planning a memory-
guided saccade on manual reaction times, we compared
the manual reaction times to probes presented during
the delay period at and opposite the goal of a planned
memory-guided saccade in trials where no distractor was
presented. Manual reaction times were consistently
longer when the probe appeared at the saccade goal
(Fig. 2; filled circles) than when it appeared opposite the
saccade goal (Fig. 2; open circles). ANOVA revealed
strongly significant main effects of stimulus condition (S)
for both monkeys [F(1,2913)=25.8, P�10�7 for monkey
W and F(1,6738)=33.61, P�10�8 for monkey I]. The
time-interval between target and probe onset (T) also
strongly affected manual reaction time for both monkeys
[F(3,2913)=22.5, P< 10�12 for monkey W,
F(3,6738)=38.45, P<10�12 for monkey I].

Effects of a distractor at the saccade goal on the manual
reaction-time disadvantage at the saccade goal

Distractors flashed at the probe site exert a biphasic
effect on reaction time, initially facilitating it and sub-
sequently prolonging it (Posner et al. 1985). To see if
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Fig. 3 Effect of the saccade goal on manual reaction times when a
distractor was flashed at the saccade goal 600 ms after the saccade
target flash. Ordinate mean manual reaction times, Abscissa time
after flash of saccade target, Filled circles probe at saccade goal,
Open circles probe opposite the saccade goal. Solid vertical line

indicates the time at which distractor was flashed. Dotted line at
900 ms demarcates the early (0–300 ms after distractor flash) and
late (300–1,800 ms after distractor flash) phases; the ANOVA was
performed separately for the early and late phases. All other
conventions as in Fig. 2
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flashed distractors had a similar effect on the interaction
between saccade plans and manual reaction time, we
examined the effects of a distractor presented at the
saccade goal between target flash and probe presenta-
tion on the manual reaction time disadvantage at the
saccade goal. We found that a distractor flashed at the
saccade goal had a biphasic effect. It initially eliminated
the manual reaction-time disadvantage at the saccade
goal, but subsequently increased the disadvantage even
more (Fig. 3). Similar biphasic effects of flashed stimuli
on manual reaction times following subsequent probes
at the same location have been reported frequently
(Klein 2000). In order to study these two phases sepa-
rately, we divided the manual reaction times into those
from responses to probes appearing within 300 ms of the
distractor, and those from responses to probes appear-
ing 300–1,800 ms after the distractor. We refer to these
intervals as early and late phases, respectively. In trials
without a distractor, all manual reaction times were
categorized as late phase manual reaction times.

When both the distractor and the probe appeared at
the saccade goal, late phase manual reaction times in
both monkeys were longer compared to when the probe
was opposite the saccade goal [Fig. 3; S factor for late
phase, F(1,2183)=84.6, P<10�12 for monkey W,
F(1,5229)=99.12, P<10�12 for monkey I]. Starting
from their peak value at about 300 ms, late phase
manual reaction times decreased with time for both
conditions [F(6,2183)=42.66, P<10�12 for monkey W
and F(6,5229)=10.04, P�10�11 for monkey I]. The
difference between the late phase manual reaction times
in the two conditions did not change significantly
with time; however, this change with time was of

borderline significance in monkey W [late-phase inter-
action term: F(6,2183)=2.65, P�0.014 for monkey W
and F(6,5229)=0.43, P�0.857 for monkey I].

In the early phase, both monkeys showed an in-
crease in manual reaction times following distractor
onset. This was statistically significant in both monkeys
[early phase T factor: F(2,918)=9.36, P�10�4 for
monkey W and F(2,2328)=19.95, P�10�9 for monkey
I]. Monkey I initially showed slightly shorter manual
reaction times at the saccade goal for the earliest de-
lays. By 300 ms after distractor presentation, the
manual reaction times at the saccade goal became
longer. This led to a statistically significant interaction
term during the early phase [F(2,2328)=12.8, P�10�6].
In monkey W, the manual reaction times were already
similar by 100 ms after distractor presentation and
were significantly longer at 200 ms after distractor
onset; consistent with this, the stimulus-condition fac-
tor was statistically significant for the early phase
[F(1,918)=12.1, P�0.0005; the interaction term was
not significant, F(2,918)=1.28, P�0.28].

Flashing the distractor at the saccade goal appeared
to slow down reaction times at the saccade goal even
further: late phase manual reaction times were increased
following a probe at the saccade goal (Fig. 4; filled cir-
cles) compared to trials where no distractor was pre-
sented (Fig. 4; open circles). Although this effect varied
between the two monkeys, the ANOVA indicated sta-
tistical significance for both monkeys; the effect of the
distractor manifested itself in a statistically significant
interaction term for monkey W and a statistically sig-
nificant effect of stimulus condition for monkey
I [S factor: F(1,2060)=5.57, P�0.02, interaction
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Fig. 4 Effect of the distractor on manual reaction times when the
probe was at the saccade goal. Ordinate mean manual reaction
times, Abscissa time after flash of saccade target, Filled circles a

distractor was flashed at the saccade goal, Open circles no
distractor was flashed. All other conventions as in Fig. 2
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term: F(3,2060)=5.77, P�10�3 for monkey W and S
factor: F(1,4797)=7.61, P�0.006, interaction term:
F(3,4797)=0.83, P�0.48 for monkey I].

Finally, the biphasic effect of a distractor at the sac-
cade goal was also apparent when we compared the
manual reaction times to a probe at the saccade goal in
the condition where the distractor appeared at the sac-
cade goal to the condition where the distractor appeared
opposite the saccade goal. Manual reaction times to a
probe at the saccade goal were faster after the distractor
appeared at the saccade goal at the earliest times during
the early phase (700 and 800 ms after target flash for
monkey I and at 700 ms after target flash for monkey
W; t test, P<0.05). Subsequently, during the late phase,
manual reaction times to a probe at the saccade goal
were consistently slower if the distractor appeared at the
saccade goal [monkey I; S factor: F(1,5116)=79.73,
P<10�12; interaction term: F(6,5116)=3.46, P�0.002
and monkey W; S factor: F(1,2069)=17.32, P�0.00003;
interaction term: F(6,2069)=1.07, P�0.38]. Manual
reaction times were slower during the late phase by an
average of 11.6 ms (SEM=1.3 ms) for monkey I and by
6.3 ms (SEM=1.7 ms) for monkey W if the distractor
appeared at the saccade goal instead of opposite the
saccade goal.

Effects of a flashed distractor on manual reaction times
at the distractor location

Our prior results (Bisley and Goldberg 2003) indicate
that a distractor flashed opposite the saccade goal
transiently draws attention toward the distractor

location; attention then returns to the saccade goal after
a delay. We were therefore interested in examining
whether flashing a distractor led to a reduction of
manual reaction times at that location. However,
whereas the results thus far have been qualitatively
similar for both monkeys, we found that the two mon-
keys showed different effects of distractor presentation
on manual reaction times to probes presented at the
distractor location. Presenting both the distractor and
the probe at the same location (Fig. 5; open circles:
opposite the saccade goal; closed circles: at the saccade
goal) caused a rapid increase in early phase manual
reaction times peaking at 300 ms after the distractor
flash [early phase T factor: F(2,888)=16.43, P�10�7 for
monkey W and F(2,2215)=63.29, P<10�12 for monkey
I]. In the late phase, manual reaction times steadily de-
creased in both conditions [late phase T factor:
F(6,2068)=35.94, P<10�12 for monkey W and
F(6,4961)=7.11, P�10�7 for monkey I]. Consistent with
the slowing-down of manual reaction times at the sac-
cade goal described earlier, early phase manual reaction
times at the saccade goal were slower for both monkeys
[S factor in ANOVA, Monkey W: F(1,888)=10.71,
P�10�3; Monkey I: F(2,2215)=70.4, P<10�12]. In the
late phase, only Monkey I showed slower manual reac-
tion times at the saccade goal [F(1,4961)=68.55,
P<10�12]. In monkey W, manual reaction times slowed
down in the late phase at the distractor site when the
distractor was flashed opposite the saccade goal; this
slowing down was sufficient to make the manual reac-
tion time opposite the saccade goal not different from
manual reaction time at the saccade goal [S factor for
late phase: F(1,2068)=0.07, P�0.8].
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Fig. 5 Effect of the distractor on manual reaction times to a probe
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The pattern of increase in early phase manual reac-
tion times suggests that the distractor led to faster
manual reaction times at its spatial location (facilitation)
and that this facilitation decayed within about 300 ms,
the time at which manual reaction times following dis-
tractor flash were longest. However, when we tested this
possibility we found evidence for facilitation only in
monkey I (Fig. 6). This was done by comparing early
phase manual reaction times following probes opposite
the saccade goal when the distractor was flashed either
in the same (Fig. 6a; open circles) or opposite location
(Fig. 6a; filled circles). For this monkey, early phase

manual reaction times opposite the saccade goal were
initially faster when a distractor was flashed there
[S factor for early phase: F(1,2251)=100.21, P<10�12]
and then increased until the end of the early phase [T
factor for early phase: F(2,2251)=28.87, P<10�12;
interaction term: F(2,2251)=16.48, P�10�7] so that by
the beginning of the late phase, the manual reaction
times from the two conditions were not statistically
different [S factor for late phase: F(1,5086)=1.43,
P�0.23; interaction term: F(6,5086)=1.23, P�0.29]. On
the contrary, monkey W’s early phase manual reac-
tion times were not statistically different in the two
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conditions [S factor for early phase: F(1,952)=0.1,
P�0.75, interaction: F(2,952)=0.81, P�0.44]; in the
late-phase, manual reaction times opposite the saccade
goal were actually longer when the distractor was at the
probe location [S factor for late phase:
F(1,2145)=77.08, P<10�12]. Thus, monkey I appeared
to show early phase facilitation, but no late phase inhi-
bition, while monkey W showed no early phase facili-
tation, but strong late phase inhibition. We note that the
lack of transient facilitation at the distractor location in
monkey W was also seen when the distractor was pre-
sented at the saccade goal (Fig. 3); monkey I, however,
again showed a transient facilitation at the distractor
location in that case as well.

The slower late phase manual reaction times follow-
ing probes opposite the saccade goal in monkey W were
likely due to the presence of a distractor opposite the
saccade goal, rather than being an effect of the distractor
at the saccade goal. This is because for monkey W late
phase manual reaction times were slower when both the
distractor and the probe were flashed away from the
saccade goal (Fig. 6b; open circles), as compared to
trials in which no distractor was ever flashed and the
probe appeared away from the saccade goal (Fig. 6b;
closed circles) [S factor for late phase: F(1,2070)=54.41,
P<10�12]. This late phase manual reaction time differ-
ence in monkey W appeared to diminish with time
[interaction term for late phase: F(3,2070)=5.61,
P�10�3]. However, in monkey I, the late phase manual
reaction times were not statistically different under the
two conditions [S factor for late phase: F(1,4773)=0.11,
P�0.74; interaction: F(3,4773)=0.45, P�0.72].

Effects of time during the late phase

There was a consistent effect on late phase manual
reaction times as the delay between target and probe
presentation increased. As noted above, both monkeys
showed a systematic decrease in late phase manual
reaction times under all stimulus conditions (time term
factor for late phase, P<10�9 for 8 of the 12 stimulus
conditions across both monkeys, P<10�5 for 1 condi-
tion, and P<10�2 for the remaining 3 stimulus condi-
tions). This gradual manual reaction time decrease is
likely to be due to the commonly noted effects of
increasing instantaneous probability of probe appear-
ance as the trial progressed (for a review, see Niemi and
Naatanen 1981; Janssen and Shadlen 2005). To establish
whether this late phase manual reaction time decrease
was due to a speed-accuracy trade off, we examined
trials in which the animals incorrectly released the bar
prior to the appearance of the probe. We found that
these errors accounted for approximately 1–5% of all
trials, and almost all these errors were due to the mon-
keys releasing the bar to the onset of the distractor.
Other than these responses, neither monkey pre-released
in more than a few dozen trials (out of tens of thou-
sands) and so there was not enough data to compare the
percentage of pre-release errors with correct manual
reaction times at different delays. The late phase manual
reaction time decrease is therefore unlikely to be the
result of a speed-accuracy tradeoff.

Manual reaction times in the interleaved task paradigm

The unexpected increase in late phase manual reaction
times following probes at the saccade goal combined
with prior findings of a perceptual advantage at the
saccade goal in the discrimination task (Bisley and
Goldberg 2003) raises the possibility that the slower
manual reaction times at the saccade goal may arise
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from putative post-perceptual stages that influence
manual reaction time but not discrimination ability.
Alternatively, the attentional processes that improve
contrast sensitivity at the saccade goal could be dif-
ferent from the attentional processes that speed man-
ual reaction time. However, this speculation rests upon
a combination of data from two different studies; there
is no direct evidence that a perceptual advantage exists
at the saccade goal in the current manual reaction time
task. Though one of the monkeys in the manual
reaction time task discussed here (monkey I) was also
a part of the earlier study and was therefore known to
show a perceptual advantage at the goal of the saccade
in the previous task, it is still possible that this monkey
may have changed his strategy for the manual reaction
time task. We therefore trained monkey I to perform a
dual task, incorporating both the discrimination task
(Bisley and Goldberg 2003) and the manual reaction
time task concurrently: the two types of trials were
performed in an interleaved manner. The monkey did
not know if the trial would be a manual reaction time
trial or a go/no-go discrimination trial until the probe
appeared. It was only when the probe appeared that
he knew the nature of the task he had to perform on
that trial, depending on whether the probe was a
Gabor patch or a Landolt ring. We were particularly
curious to see if we could demonstrate that the slowed
late phase manual reaction times at the saccade goal
coexisted with a perceptual advantage at the same
location. However, we instead found that when mon-
key I performed the manual reaction time task along
with the perceptual discrimination task, late phase
manual reaction times became faster at the saccade
goal (Fig. 7a; filled symbols) compared to late phase
manual reaction times opposite the saccade goal
(Fig. 7a; open symbols). 1,200 ms after the target ap-
peared, manual reaction times were significantly faster
at the saccade goal both in trials in which a distractor
was presented at the saccade goal [circles;
t(6,959)=3.6, P�0.0003] and in trials in which no
distractor was presented [squares; t(6,959)=4.23,
P�0.00002]. A non-significant trend was found
1,000 ms after the target appeared when a distractor
was flashed at the saccade goal [circles; t(6,959)=1.78,
P�0.075].

Since we found faster manual reaction times at the
saccade goal in the interleaved task, it is clear that the
effects on manual reaction time at the saccade goal
were task-dependent. However, some task parameters
for the manual reaction time component of this
interleaved task were different from the pure manual
reaction time task (see Methods for differences). So we
repeated the experiment by running a pure manual
reaction time task again, but with the same task
parameters as the manual reaction time component of
the interleaved task (Fig. 7b). Now manual reaction
times reverted to being slower at the saccade goal
(note reversal of open and filled circles in Figs. 7a, b);
this effect was statistically significant in trials in

which a distractor was presented at the saccade goal
[circles; t(12,873)=�3.94, P�10�4 at 1,000 ms and
t(12,873)=�5.5, P�10�8 at 1,200 ms].

In parallel with the shorter manual reaction times at
the saccade goal in the interleaved task, the monkey’s
performance on the perceptual discrimination task was
better at the saccade goal. Even though we used a su-
prathreshold go/nogo probe, the monkey was signifi-
cantly more accurate when the probe was at the saccade
goal than opposite the saccade goal when no distractor
was flashed (82% vs. 75% correct; P�0.048, chi-squared
test) and at the shorter delay when the distractor was
flashed at the target location (82% vs. 76% correct;
P�0.029), though not at the longer delay (P�0.72).
Thus, the results suggest that there was a perceptual
advantage at the goal of the saccade, consistent with the
manual reaction times measured in the interleaved task
(Fig. 7a) and with previous results from a more com-
plete study (Bisley and Goldberg 2003).

Discussion

Monkeys demonstrate an attentional advantage at the
goal of a planned memory guided-saccade, as measured
by a lower contrast threshold (Bisley and Goldberg
2003). Similar attentional advantages at the locations of
planned saccades have been demonstrated in humans
(Van der Stigchel and Theeuwes 2005). Faster manual
reaction times following the appearance of a supra-
threshold visual stimulus have also been frequently used
as a measure of visual attention. In this study, we found
that despite this previously demonstrated attentional
advantage at the saccade goal, manual reaction times on
a detection task were actually slower when the probe
appeared at the saccade goal; we have documented the
magnitude and time-course of this effect in detail. A
similar result has been obtained recently for humans
1,500 ms into the delay of a memory-guided saccade
task (Ostendorf et al. 2004). We then attempted to
demonstrate explicitly that slower manual reaction times
coexisted with lower contrast thresholds at the saccade
goal by interleaving the detection and perceptual dis-
crimination tasks. However, we found that manual
reaction times were then faster at the saccade goal.

The most plausible explanation for our findings is
that an inhibitory process which slowed down manual
reaction times was evoked at the saccade goal by the
appearance of the memory-guided saccade target and
that this process was overshadowed due to increased
task difficulty during the interleaved task. This putative
inhibitory process is probably identical to the process(es)
involved in the phenomenon called inhibition-of-return,
where manual reaction times are slower in response to
probes presented at previously cued locations (Posner
et al. 1985; Klein 2000). The inhibitory effect could be a
result of a selective attentional deficit at the saccade
goal, a sensorimotor or motor inhibition that delayed
responses to visual stimuli appearing at the saccade goal,
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or a motor inhibition that resulted from the necessity of
suppressing the natural tendency to make a saccade to-
ward the flashed target during the delay period of the
memory-guided saccade. All three mechanisms have
been invoked to explain inhibition-of-return as well
(Chelazzi et al. 1995; Taylor and Klein 2000; Coward
et al. 2004; Klein 2004).

The reversal of the slowing down of manual reaction
times in the interleaved task reiterates the importance of
task conditions in interpreting the results of behavioral
measurements. At the beginning of each trial in the
interleaved task, the monkey did not know if the trial
would be a simple suprathreshold detection task or a
difficult discrimination task. Presumably, the monkey
changed its strategy to be able to perform the discrimi-
nation task. We suggest that this strategy change in-
volved a greater engagement of endogenous attention.
The linkage between spatial working memory and
attention (Awh and Jonides 2001) as well as the linkage
between oculomotor preparation and visuospatial
attention (Rizzolatti et al. 1994) predict that endogenous
attention should be stronger at the saccade goal. Be-
cause the interleaved task is much more attentionally
demanding than the detection task, the greater engage-
ment of attentional resources may amplify the sustained
attentional advantage at the saccade goal. As a result of
this amplification, the endogenous attentional advantage
at the saccade goal could successfully override the
exogenously evoked inhibitory process at the saccade
goal to produce speeded manual reaction times at that
location. This suggestion is supported by several recent
studies (Berger and Henik 2000; Berlucchi et al. 2000;
Fecteau et al. 2004; Lupianez et al. 2004) that show that
increasing endogenous attention to the cued location by
increasing cue validity decreases the expression of inhi-
bition-of-return. Along similar lines, it has been sug-
gested that inhibition-of-return emerges later in
discrimination tasks than in detection tasks as a result of
the increased engagement of attentional resources due to
increased perceptual demands (Klein 2000; Lupianez
et al. 2001).

In addition, we found that a distractor flashed away
from the saccade goal evoked only early facilitation in
monkey I, and only late inhibition in monkey W. Be-
cause monkey I had much more experience than monkey
W with psychophysical tasks like those in this paper, he
may have been performing the task under lesser per-
ceptual load and therefore been less able to filter out the
distractor (Lavie 2005). But while this explains why
monkey W fails to show facilitation due to the distrac-
tor, it does not explain why Monkey I does not show
‘‘inhibition’’ even at long delays when attention has
presumably left the distractor site. The variability in the
expression of inhibition is not easily explicable in terms
of known phenomena in the literature.

There is a potential physiological correlate for the
slowed manual reaction times following a probe at the
saccade goal. Several studies have now reported that
in the salience maps of the parietal cortex and superior

colliculus, a stimulus presented at a cued location
evokes lower activity than a stimulus presented at a
location other than the cued location (Steinmetz et al.
1994; Robinson et al. 1995; Robinson and Kertzman
1995; Steinmetz and Constantinidis 1995; Powell and
Goldberg 2000; Constantinidis and Steinmetz 2001;
Dorris et al. 2002; Bell et al. 2004; Bisley et al. 2004;
Fecteau et al. 2004). Motor responses to the probe in
simple detection tasks may be plausibly expected to be
driven by the activity following probe presentation,
and Munoz and colleagues (Dorris et al. 2002; Bell
et al. 2004; Fecteau et al. 2004) have demonstrated
clearly that the smaller responses in the superior col-
liculus following probe presentation at cued locations
are accompanied by longer saccadic latencies to the
probe presented at cued locations (inhibition-of-
return); this was true for both valid and invalid cues.
Therefore, in our task, the smaller responses to the
probe presented at the saccade goal would lead to
slower manual reaction times following probe presen-
tation at the saccade goal. Interestingly, this explana-
tion predicts that during the interleaved task,
responses to the probe in the salience maps of the
parietal cortex (or superior colliculus) that subserve
performance on manual bar-release tasks should be
higher when the probe is presented at the saccade
goal, thereby leading to faster manual reaction times
following probe presentation at the saccade goal. The
existing data support this prediction. In the studies
that found that the responses to the probe were lower
at the attended locations, the monkeys were perform-
ing easy tasks that either did not require them to pay
much attention to the probe [suprathreshold detection
tasks with either manual (Robinson et al. 1995; Rob-
inson and Kertzman 1995) or saccadic (Dorris et al.
2002; Bell et al. 2004; Fecteau et al. 2004) responses,
or location matching tasks (Steinmetz et al. 1994;
Steinmetz and Constantinidis 1995; Constantinidis and
Steinmetz 2001)] or actually allowed them to ignore
the stimulus altogether (Powell and Goldberg 2000;
Bisley et al. 2004). However, in a recent study where
monkeys were performing a difficult discrimination
task on the probe, thus engaging attentional resources
effectively and also requiring them to pay attention to
the probe, the response to the probe was higher in
visual and visuomotor cells of the superior colliculus
when the probe was presented at the attended location
(Ignashchenkova et al. 2004). Activity in visual cells
after probe onset (600 ms following cue presentation)
was higher when the probe was presented at the at-
tended location with both exogenous and symbolic
cueing. Activity in visuomotor cells was similarly
higher at the attended location after exogenous cueing;
the increase with symbolic cueing was suggestive, but
not statistically significant. Similarly in another study,
engaging endogenous attention at the cued location by
using valid cues resulted in both larger responses
to the probe and shorter saccadic reaction times
following probe presentation at the cued location
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(Fecteau et al. 2004). The physiological data, com-
bined with our results, therefore suggest that the
attentional requirements of the task performed deter-
mines whether reaction times following probe presen-
tation are slower or faster, and neural responses to the
probe smaller or larger, when the probe is presented at
the cued location.

A measured change in reaction time as a result of
an experimental manipulation can result from under-
lying effects on sensory, sensorimotor, and/or motor
processing stages. Attempts to resolve the locus
responsible for a change in reaction time have led to
an active and enduring controversy in the literature on
inhibition-of-return about the role of attentional defi-
cits in creating slower reaction times to probes at re-
cently cued locations (Taylor and Klein 2000). To
determine whether attention was allocated to the goal
of a planned saccade, Bisley and Goldberg (2003) used
a discrimination task and showed that contrast
thresholds were lower at the saccade goal; this pro-
vided a direct demonstration of endogenous atten-
tional allocation to the saccade goal. This allocation of
endogenous attention was accompanied by increased
activity immediately prior to probe presentation in the
region of parietal cortex representing the attended
location. Hypotheses developed in the inhibition-of-
return literature indicate that the slower manual reac-
tion times following probe presentation at the saccade
goal during the detection task could be the result of
either a deficit in attentional orienting toward the
probe following probe onset or the result of a slowing
down of visuomotor or motor processes mediating the
response to a probe at the saccade goal (e.g., Taylor
and Klein 2000). In principle, both these effects could
be mediated by a suppressed response following probe
presentation at the saccade goal in the salience maps
that subserve performance on manual bar-release
tasks. In any case, the greater engagement of endoge-
nous attentional resources during the interleaved task
could maintain attention at the saccade goal and
override the inhibitory effects that underlie the emer-
gence of slowed reaction times at the saccade goal
during the detection task. We suggest that this would
be accompanied by an increased response in these
same salience maps to probe onset at the saccade goal
under these conditions. Future physiological studies
that examine these predictions under different task
conditions will help resolve the relationship between
the neural responses in salience maps and measures of
attention and performance.
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